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Materials dynamics, particularly the behavior of solids under extreme compression, is a topic of broad scientific and technological interest [1] [2] [3] [4] [5] . The shock impulse provides a unique probe to excite and thereby examine the response of materials to dynamic compression. It is well known that if a material undergoes shock compression beyond the Hugoniot elastic limit, it exhibits rapid plastic flow which is expected to occur via the generation and propagation of defects (twin, dislocations, etc.) [1, [6] [7] [8] [9] [10] , and possible phase transformations [11] [12] [13] [14] . In the presence of large peak stresses, strain rates, and significant inelastic strain due to shock, these plastic deformation modes can differ from those observed under longer time scales or more quasistatic conditions [1, 6] , and may interact with the phase transformations [15, 16] . However, when solids undergo phase transformations, a key question is how these deformation modes mediate the phase transformation process.
The group-IV hexagonal-close-packed (hcp) metals Zr, Ti, and Hf, with transition temperatures and pressures that are relatively accessible, have served as an excellent test bed for studying aspects of deformation and phase transformation behavior under driven conditions. For the α (hcp) to ω (hexagonal) phase transformation, progress over the last three decades from recovery experiments and analysis of wave profiles [17] [18] [19] has largely focused on capturing the behavior of the equation of state, orientation relationships in microstructures, understanding the influence of impurities such as oxygen, and characterizing the deformation. A number of studies have recognized that the plastic flow behavior as a result of the transformation is accompanied by twinning and slip under different loading and temperature conditions [18] [19] [20] . However, recovered samples under shock have invariably been for polycrystals and the deformation modes of twinning and * Corresponding author: dingxd@mail.xjtu.edu.cn; txl@lanl.gov slip have largely been inferred from textural analysis. What has been apparent is that there is twinning or some form of reorientation in samples shocked below the transformation pressure and that the volume fraction of the transformed ω phase is higher at higher peak pressures [17] . Further, electron backscattered diffraction data on Zr polycrystal shows that the ω appears to reside in regions previously twinned or rotated in samples shocked below the transformation pressure and that the reorientation is greater when the fraction of transformed ω is higher (see Supplemental Material, Fig. S1 [21]). Such measurements, although not able to discriminate between twinning and reorientation, especially when the differences can be only a few degrees, are beginning to indicate some form of coexistence of different types or "variants" of the α phase with the ω, and that some form of plastic deformation is mediating the reorientation process within the microstructure.
In this work we show that under shock compression the phase transformation in hcp Ti is preceded by a collective deformation mode. This mode gives rise to new domains or variants, which differ in lattice orientation by 90°compared to the original parent, and do not belong to any known hcp twin systems. This domain reorientation is accompanied by the formation and motion of deformation twins and dislocations that act cooperatively to move the domain boundary. Thus we demonstrate that under shock conditions it is necessary to go beyond conventional ideas of the role of deformation twinning, and dislocation line based slip, a new mode of plasticity, becomes active.
Our nonequilibrium molecular dynamics (NEMD) simulations were performed in a microcanonical ensemble using the LAMMPS code [22] . The interatomic interactions in Ti were described by a modified embedded atom method potential developed in [23, 24] . This potential gives accurate total energies, elastic constants, and phonon spectra, as well as reasonable values for point defects and surface and PHYSICAL REVIEW B 89, 220101(R) (2014) [21] ) show that this potential reasonably reproduces the shock Hugoniot for Ti [25] . The z axis of the simulation box was oriented along the [1010] shock direction, with periodic boundary conditions transverse to the shock-wave propagation. The simulations covered up to 0.2-μm-thick single crystal titanium samples, using up to 3.0 million atoms. After isothermally annealing the sample at 30 K for 1.2 ns, the left surface of the system was driven by the piston with a velocity u p = 0.75 km/s and peak pressure 14 GPa, above the threshold piston velocity of 0.57 km/s required to induce a phase change in Ti. Figure 1 (a) is a snapshot after 18 ps of the Ti sample shocked along the [1010] direction. The parent hcp α phase undergoes a rotation to the product α separated by a trapezoidal-shaped boundary, and the ω phase nucleates within the α matrix. Figure 1(c) is an enlargement of a part of the boundary showing the orientation relationship between α and rotated α . The [1010] α (prismatic stacking) that is orientated along the shock direction, rotates to the [0001] α variant (basal stacking) and these two orientations are separated by a domain boundary. This boundary consists of two types of segments: the {1012} coherent twin boundary (CTB) segments, which are the same as the well-known hcp tensile deformation twins, and incoherent prismatic-basal boundaries (IPBs). The latter segments (IPBs) contain dislocations and disconnections or lattice steps. Figure 1(c) shows a section of the domain boundary with the constituent elements above identified. Following the hcp domain rotation, part of the α phase then converts to ω phase, as shown in Fig. 1(b) . Indexing of the thin section of shocked specimen shows that the experimentally observed Silcock orientation relationship [26, 27] between α and ω (rather than unrotated α and ω) is obeyed (see Supplemental Material, Fig. S3 [21] ). The lattice rotation of 90°across the domain boundary (hereafter referred to as 90°domain boundary) that we have identified does not obey any of the known twin symmetries for hcp. We therefore need a different mechanism to facilitate this crystal reorientation. In pure hcp Ti crystals, the deformation twin modes most commonly reported (under static loading conditions) are {1012} and {1122} twins [28, 29] . The [1010] compression strain as a result of the shock will give rise to the {1012} twinning mode with an 84.6°rotation angle between α and α . This is close to but not the 90°lattice reorientation we observe. Rather, the 90°reorientation process can be expressed as the result of the coupled effects of shear strains and shuffles (or atomic displacements) [see Fig. 2(a) ], analogous to the formation of orientational variants in martensitic transformations [11, 30] . As Fig. 2(a) indicates, the shear along 1011 directions rotates the hcp unit cell by 90°via the coupling of a compressional strain along [1010] and a tensile strain along [0001] . Meanwhile, the atomic shuffles (two atoms move along 1011 and the other two along 0001 directions) occur as shown by arrows in Fig. 2(a) . The reoriented domains need to be elastically accommodated [31] and this occurs by the generation of dislocations and coherent twin boundaries, which form the interface (90°d omain boundary) between the unrotated and rotated regions. In order to gain insight into this process, we simulated a bicrystal of Ti with the same orientation relationship as α and α [ Fig. 3(a) ] with a compressive stress acting perpendicular to the domain boundary. The stress direction is therefore the same as the shock direction shown in Fig. 1 . After the initial elastic deformation, the lattice reorientation [a few atomic layers height in Fig. 3(b) ] occurs from the initial interface and this leads to the formation of sections of IPBs separated by steps [ Fig. 3(b) ]. Subsequently, as shown in Figs. 3(b) and 3(c), {1012} CTB segments are generated on the wings accompanied by the migration of the IPBs. Thus, a 90°domain boundary consisting of IPBs and CTBs is formed. Under further compression, kinks are emitted from the junctions of IPBs and CTBs, and move along the CTBs causing the CTBs to migrate rapidly along the loading direction [ Fig. 3(c) ]. When repeated, this process leads to the propagation of the trapezoidal boundary [Figs. 3(d)-3(f) ; also Supplemental Material, Movie 1 [21] ), which is similar to the propagation of the domain boundary as observed in our shock NEMD simulations [ Fig. 1(c) ]. We note that it is the interaction of the dislocations contained within IPBs with the CTBs that nucleates these kinks, which act as sources of twinning dislocations (or mobile disconnections) facilitating further twin boundary migration (Supplemental Material, Fig. S4  [21] ). Thus, extra deformation twin nucleation processes need not be invoked. Our work does have parallels with defective twin boundaries in Cu nanocrystals [32, 33] in which kinks act as twin dislocation sources and strongly influence the ductility of nanotwinned materials.
Our aim has been to probe the deformation mechanism mediating the phase transformation process in materials subjected to shock conditions. Experiments on recovered polycrystal shocked samples have only indicated some form of lattice reorientation prior to the transformation, but have not been able to discriminate between twinning and other forms of domain reorientation. In this work, we used atomistic simulations to show that the transformation is preceded by a collective mode that leads to a 90°domain reorientation. This mode involves a combination of deformation twins and dislocations that act to move the domain boundary. It is similar to shear induced grain boundary motion [34] [35] [36] [37] where the normal migration of a grain boundary is only coupled to simple shear. In our case, the mode is driven by uniaxial compression. Moreover, it involves a more cooperative or collective movement of a large number of atoms within the prismatic-basal stacking rearrangement, similar to that in a Fig. 3(f) ]. Here, all the {1012} spots are separated because of the 90°reorientation, (c) as in (b) but from a 90°domain boundary from our simulations [from cross section S in Fig. 1(a) ]. martensitic transformationlike. Our work thus suggests that coappearance of transformationlike plastic deformation and phase transformation may be more common under shock than previously assumed. In addition, we note that the observed orientation relationship for the α to ω phase transformation is between the reoriented parent phase and the resulting ω phase. The importance of this has not been previously realized and may be verified by transmission electron microscopy (TEM) on shock-recovered samples [18, 38] .
With the emergence of in situ and high resolution temporal and spatial x-ray probes, we have calculated diffraction patterns in the far-field limit. These contain intensities from a plane in reciprocal space being viewed along the zone axis perpendicular to the compression or shock direction. Figures 4(a) and 4(b) compare such diffraction patterns from an ideal {1012} deformation twin to a 90°domain boundary for a Ti single crystal [ Fig. 3(f) ]. The reflections from the twin plane are coincident, indicating that the plane is coherent, whereas for the 90°domain boundary the {1012} reflections are separated. The 90°reorientation leaves all off-centered reflections separated. The pattern obtained from the marked region S in Fig. 1(a) from our simulations is shown in Fig. 4(c) .
The reflections are more diffused compared to Fig. 4(b) , but the pattern is similar. Although our calculated patterns are more accessible with TEM, laser pump-probe measurements [39] using an XFEL (for example, at LCLS, SLAC) or measurements at APS on high purity single crystal Ti can potentially provide data on changes in microstructural reorientation. The resolution will sensitively depend on bandwidth, factors such as the initial crystal orientation and setup, all of which will have a bearing on the number of points in reciprocal space satisfying the Bragg condition. LCLS can provide the means to develop an in situ "movie" using a time delay on many statistically similar samples and such measurements can validate our predictions by following changes in intensity with time resolutions of subnanoseconds or better. 
